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INTRODUCTION
Recent projections of global sea-level rise (SLR) and lakelevel fluctuations due to climate-induced changes have generated an interest in coastal science to determine the response of coastlines to sea-and lake-level change. A primary challenge in understanding shoreline response to water-level change is quantifying the important variables that contribute to coastal evolution in a given area.
Published analyses of tide gauge data suggest a 20th-century mean rate of global SLR to be between 1.5 and 2.0 mm/y, with most estimates falling around 1.8 mma Ϫ1 (Church et al., 2001 (Church et al., , 2004 Douglas, 1997; Miller and Douglas, 2004; Peltier, 2001) . Climate models predict a future global SLR of 0.25-0.5 m by 2100, which for several carbon emission scenarios is more than double the SLR rate for the 20th century (Church et al., 2001; Meehl et al., 2007) . Global SLR estimates from TOPEX/Poseidon and Jason-1 satellite altimeters sug- DOI: 10.2112 /08-1102 .1 received 31 October 2008 accepted in revision 4 November 2008. gest that SLR rates since 1993 may be near 3 mma Ϫ1 (Cazenave and Nerem, 2004; Leuliette, Nerem, and Mitchum, 2004) , which resembles predicted SLR acceleration estimates for the 21st century published by the Intergovernmental Panel on Climate Change (2001, 2007) . A study by Rahmstorf et al. (2007) suggests that the SLR rates published by this panel may be conservative, and sea level by 2100 may be between 0.5 and 1.4 m higher than in 1990 (Rahmstorf, 2007) . The exact rates of present and future global SLR are uncertain. The potential impacts of SLR include coastal erosion, increased storm-surge flooding, saltwater intrusion into groundwater aquifers, inundation of wetlands, and threats to cultural and historical resources, as well as infrastructure (Church et al., 2001; FitzGerald et al., 2008; Meehl et al., 2007; Nicholls et al., 2007) .
Based on results of global climate models, the Great Lakes region is expected to experience warmer and drier climate conditions into the 21st century, which are predicted to result in a drop in lake levels (only one model, HadCM2, suggests that lake levels may rise; U.S. Global Change Research Program, 2000) . Throughout the 1900s, lake levels in the Great Table 1 . National Park Service units in the vulnerability assessment project. Mean relative sea-and lake-level change rates are from Zervas (2001) and Croley, Hunter, and Martin (2001) Table 1 ), indicated by black filled circles. The island parks are located on Guam, American Samoa, the U.S. Virgin Islands, Dry Tortugas, and Hawaii. The other park regions are designated by the closest major body of water (e.g., Gulf of Alaska, Gulf of Mexico, Great Lakes). Gulf Islands National Seashore is indicated in both Florida and Mississippi (two filled circles).
Lakes generally increased, with the 1970s and 1980s producing record highs. Currently, however, lake levels are lower and appear to be nearing the long-term average (Croley, Hunter, and Martin, 2001) . Recent studies by Assel, Quinn, and Sellinger (2004) and Austin and Colman (2007) showed that the drop in lake levels (since 1998) is the largest since the Dust Bowl of the 1930s and is likely a result of higherthan-average air temperatures over the Great Lakes. Potential coastal impacts of relative lake-or sea-level fall include dewatering and water quality reduction in wetlands and estuaries, decreases in harborage areas, channel shoaling, increased dredging needs, subaerial exposure of polluted marine sediments, gullying and erosion near rivers and streams associated with base-level changes, grounding of tidewater glaciers, and habitat loss.
The National Park Service (NPS) is responsible for managing nearly 12,000 km of shoreline along U.S. oceans and lakes. In 2001, the U.S. Geological Survey (USGS), in partnership with the NPS Geologic Resources Division, began conducting coastal vulnerability assessments of future sealevel change by developing information to assist the NPS in managing its coastal resources. Twenty-two parks were selected by the NPS for the cooperative study (Table 1 (Figure 1 ; Pendleton, Thieler, and Williams, 2005a , 2005b , 2007 .
Results from 22 coastal vulnerability index (CVI) assessments are presented here. These park CVI assessments are used as a subset of natural coastal environments in the United States and its territories. Assessment data are used to classify areas that may be most likely to experience physical change in the next 50 to 100 years as sea-and lake-levels change and to demonstrate which characteristics of a coast may be most important to determining coastal vulnerability.
METHODS
The CVI methodology used here is the same as that used in Thieler and Hammar-Klose (1999) and is similar to that used by Gornitz et al. (1994) , as well as to the sensitivity index employed by Shaw et al. (1998) . One notable difference between this study and previous index assessments is that both submerging (experiencing relative water-level rise) and emerging (experiencing relative water-level fall) coastlines were assessed. The CVI is amenable to application in any coastal setting because, regardless of whether water level is rising or falling, the factors that are important to coastal change and shoreline evolution are typically the same. This method broadly characterizes the coast using simple criteria and yields numerical data that cannot be equated directly with particular physical effects. It does, however, highlight areas where the various effects of water-level change may be the greatest. The CVI describes a range of vulnerability (low to very high) to assess a coast's potential susceptibility to physical change as sea or lake level changes. The index focuses on six variables that strongly influence coastal evolution: geomorphology, historical shoreline change rate, regional coastal slope, relative sea-level change, mean significant wave height, and mean tidal range (for the Great Lakes, mean annual ice cover was used in place of mean tidal range). These variables were selected to describe the physical characteristics of the coast and the physical processes that affect the coast over human timescales. The geological variables of geomorphology, historical shoreline change rate, and coastal slope account for a shoreline's relative resistance to erosion, its long-term erosion and accretion trend, and its susceptibility to flooding, respectively. The physical process variables (sea-or lake-level change, significant wave height, and tidal range, or mean annual ice cover for the Great Lakes) contribute to the inundation hazards along a coastline. A relatively simple ranking system (Table 2) allows the six variables, quantitative and qualitative, to be incorporated into an equation that produces an index.
The quantitative variables are divided into quintiles by region and assigned a ranking based on their values, whereas the nonnumerical geomorphology variable is ranked qualitatively according to the relative resistance of a given landform to erosion. Shorelines with erosion-accretion rates between Ϫ1.0 and ϩ1.0 m/y are ranked as moderate. Regional coastal slope ranges for the Pacific, oceanic islands, and Gulf of Alaska parks are ranked such that percent slopes less than 4.59% are very high vulnerability and greater than 14.70% are very low vulnerability (Table 2) . Regional coastal slope ranges along the Atlantic, Gulf of Mexico, and Great Lakes are ranked with lower percent slope values, where a very high vulnerability is less than 0.3% and a very low vulnerability is greater than 1.2%. The rate of relative sea-level change is ranked using the long-term global rate of eustatic rise (1.8 mm/y) as the very low vulnerability. Since this is a global or ''background'' rate common to all shorelines, the sealevel ranking reflects primarily local to regional isostatic or tectonic adjustment. Water-level changes for the Great Lakes are ranked starting from zero because global SLR does not affect lake levels. Mean significant wave height rankings for the Pacific, Gulf of Alaska, and oceanic island parks range from less than 1.1 m to more than 2.6 m., whereas Atlantic, Gulf of Mexico, and Great Lakes parks have wave height rankings from less than 0.55 to more than 1.25 m. Tidal range is ranked such that microtidal (Ͻ1 m) coasts are very high and macrotidal (Ͼ6 m) coasts are very low. Because the Great Lakes are essentially nontidal, mean annual ice cover in days was selected as a useful variable contributing to coastal change on the Great Lakes (Pendleton, Thieler, and Williams, 2007) . Ice cover over decadal timescales is considered a protective agent in reducing storm erosion along the shoreline (Forbes et al., 2004) . Park assessments were conducted and stored with a geo- graphic information system by appending data to 1:24,000-to 1:80,000-scale vector shorelines of a park. Park shorelines were divided into segments using a 1-minute grid, and a zonal statistics function was used to assign variable values and rankings (Table 2 ) as attributes to each segment of the park shoreline. After all variables and rankings were assigned for each shoreline segment, an index was calculated by taking the square root of the product of the ranked variables divided by the total number of variables
where a is the geomorphology, b is the shoreline erosionaccretion rate, c is the coastal slope, d is the relative SLR rate, e is the mean significant wave height, and f is the mean tide range or mean annual ice cover. Coastal vulnerability was evaluated based on index values and ranked variables for all parks combined, as well as for the following geographic regions: Atlantic coast, Great Lakes, Gulf of Alaska, Gulf of Mexico, oceanic islands, and Pacific coast (Table 3) .
Shoreline length, range of index values, and median ranked variable value for all parks in each region are shown in Figure 2 and Table 3 . These data summaries are used to determine what percentage of total evaluated shoreline was represented in each region, whether there is a pattern or correlation associated with indices and regions, and whether the median ranked variable value corresponds to vulnerability.
The variables defining the index are not independent or random; therefore, they do not contribute equally to the unweighted index. A principal component analysis is used to reduce the dimensionality of the assessment data, illustrate the relationships that exist among variables, and identify the relative importance of each variable. This analysis is performed on the covariance matrix of the index, calculated such that five variables are held at the mean and one variable is allowed to change. This isolates individual variables and returns the contribution of each variable within a principal component. Eigenvectors and principal component loadings, which are coefficients of the equation that defines the eigenvector and corresponds to a variable, are used to determine which variable or combination of variables is most influential to the index value and which variables are least influential (Table 4 ). The whiskers extend to the range of the data. Here the median value for all variables is used as a proxy for overall vulnerability to coastal change. The Atlantic and Gulf of Mexico parks are ranked as high vulnerability; the Pacific, Island, and Great Lakes parks are moderate vulnerability; the Gulf of Alaska parks are low vulnerability.
RESULTS
Assessments of 22 national park units provide a comprehensive database of geological and physical characteristics for more than 4400 km of shoreline (Table 3 ). The park database is described here in terms of the regional differences between variables and index values and the relative importance of variables.
Variables and Index Values in Park Regions
The Gulf of Alaska parks have the largest quantity of evaluated shoreline, approximately 2500 km, and represent more than 50% of the total assessed shoreline ( Table 3 ). The oceanic island parks gave the smallest percentage of evaluated shoreline, representing 3% of the total. The Gulf of Mexico, Great Lakes, Atlantic coast, and Pacific coast parks represented 7, 9, 10, and 15% of total evaluated shoreline, respectively.
The Gulf of Alaska parks have the lowest mean and median index values. Atlantic and Gulf of Mexico coasts have the highest index values, whereas the Pacific coast parks have lower index values than other parks in the contiguous United States (Figure 2) . The oceanic island parks have index values most similar to Pacific coast parks (Figure 2) . The Great Lakes parks have a wide range of index values, but the mean value is closest to the Pacific and oceanic island parks ( Figure  2) . The large percentage of shoreline in the Alaska parks is evident in the box plot of indices for all parks (Figure 2) . The median and mean of index values for the Atlantic and Gulf of Mexico parks plot are outliers in the ''all parks'' plot, because greater than 50% of the evaluated shoreline is in Alaska, where the mean index is 4.9 (Table 3) .
Based on the median variable value for each region, the Atlantic and Gulf of Mexico park regions have the highest median variable values (high). The Alaska parks have the lowest median variable value (low). The Pacific, oceanic island, Great Lakes parks, and all parks combined have the same median variable value (moderate; Figure 3 ).
Principal Component Analysis
The first four principal components explain more than 99% of the total variance among the variables for all parks ( Figure  4A ). The first two principal components account for more than 75% of the total variance and have the highest principal component loadings (Ͼ0.4) among water level, wave height, slope, and geomorphology (Figures 4 and 5) . The first principal component accounts for 52% of the total variance and identifies coasts where water-level rankings are high and wave and slope rankings are low (or vice versa). The second principal component accounts for 25% of the total variance and identifies coasts where the geomorphology ranking is low and water-level, wave height, and slope rankings are high (or vice versa). The third principal component accounts for 15% of the total variance and identifies coasts with high slope rankings and low wave height and geomorphology rankings ( Figure 4B ). Shoreline change and tidal range or ice cover rankings do not have loadings greater than 0.19 in the first four principal components ( Figure 5 ).
An index based on the four variables with the highest loadings (geomorphology, coastal slope, water-level change rate, and wave height) in the first four principal components is calculated to highlight the small contribution of shoreline change and tidal range (or ice cover for the Great Lakes) and is compared to the original (six variable) index ( Figures 6A  and 6B ). The four-variable index predicts approximately 93% of the variance that exists in the six-variable index. The mean normalized difference in the four-variable index and the six-variable index is 0.18, or approximately 2%.
DISCUSSION
Twenty-two national park coastal vulnerability assessments provide a foundation to evaluate regional differences in CVI statistics, geological and physical process variables, and relative vulnerability to sea-level change for more than 4400 km of shoreline (Table 3) . A comparison of statistical results indicates that Atlantic and Gulf of Mexico parks have the highest vulnerability rankings relative to other park regions when index ranges and median variable values are used as a proxy for relative vulnerability. Pacific, Great Lakes, and oceanic island parks may be considered moderately vulnerable, whereas the Gulf of Alaska parks have the lowest mean index value and thus low relative vulnerability when compared to other park regions in this study. The difference between the Atlantic and Gulf of Mexico vulnerability and the Gulf of Alaska vulnerability to sea-level change is the physical differences in coastal characteristics represented in the geological variables of the Atlantic, Gulf of Mexico, and Gulf of Alaska. The park coastlines along the Gulf of Alaska tend to be steep and rocky, whereas Atlantic coast and Gulf of Mexico parks are generally low lying and sandy. Oceanic island, Pacific, and Great Lakes parks often represent more of a blend of the end-member coastal characteristics from the Gulf of Mexico, Atlantic, and Gulf of Alaska.
All variables that are incorporated into the index assessment can be considered factors contributing to coastal change; however, some variables make a larger contribution to index variability than others. A principal component analysis iden- Biplot of principal components 1-3. Note the short vector corresponding to shoreline change rate. The vector representing tidal range and mean annual ice cover is not visible at this scale. This suggests that tidal range (and mean annual ice cover) and shoreline change rate are not important contributors in the first three principal components. tified an inverse relationship between: a) water-level change rate and regional coastal slope and b) mean significant wave height and regional coastal slope. These relationships make up the first principal component and account for more than half of the variability among variables. The first principal component could be interpreted as the difference between Gulf of Alaska parks and all other parks, and it may be inflating the significance of water-level change, slope, and wave heights for the entire dataset because the Alaska parks represent more than 50% of the population and their ranges vary more widely for these variables than other parks. Principal component analysis also highlights the inverse relationship between: a) geomorphology and water-level change, b) geomorphology and wave height, and c) geomorphology and coastal slope. These variable relationships represent the second principal component and account for 25% of the total variance. The third and fourth principal components account for 22% of the total variance and define relationships among the variables, geomorphology, wave height, water-level change rate, and coastal slope. Tidal range and shoreline change rate have the most significant loadings in the fifth and sixth principal components, which combined account for less than 1% of the total index variance. The relative contribution of tidal range and shoreline change to the index is less than 10% based on a comparison of the six-variable and four-variable indices for the entire population ( Figure 6B ). The greatest difference in the fourvariable and six-variable indices is apparent for the Gulf of Mexico and Atlantic regions, which are represented in the first 550 samples in Figure 6B . This difference is likely a result of variability in historical shoreline change rates along sandy coastal barriers. For example, Fire Island National Seashore, an Atlantic park, experiences shoreline change rates that range from greater than 2 m/y of erosion to greater than 2 m/y of accretion, whereas Golden Gate National Recreation Area, a Pacific park, generally experiences between Ϫ1 to 1 m/y of shoreline change (Pendleton, Thieler, and Williams, 2005b; .
Because a similar index can be derived using only four variables for a large, diverse population such as the park assessment database, the data input requirements to conduct a large scale index assessment become more manageable, especially for areas where shoreline change data may not be available. For smaller or less diverse coastal assessments, the effects of tidal range and especially shoreline change rate may be significant and should be included if feasible. In individual park assessments, historical shoreline change rate was an important variable in the first principal component for parks like Cape Hatteras National Seashore, where shore- Often, no single variable can be considered the most important characteristic of a coast when determining vulnerability to long-term SLR. The assessment results presented here are based on a relatively simple ranking approach but include several factors that influence coastal change. These types of index assessments can serve as a first step toward understanding the characteristics of a shoreline that make it susceptible to change over the next century and illustrate that the significance of index variables can depend greatly on spatial scale.
CONCLUSION
Diversity of coastal landforms, processes, and length of shoreline examined play a role in significance of the variables used to determine coastal vulnerability. Although index results cannot be equated with a specific physical change, assessments may be used preliminarily to examine contributing factors of change and to highlight regions that may be most likely to experience water-level-related coastal change. By combining assessments of individual parks, we can examine the relative contribution of variables for more than 4400 km of sampled shoreline. Statistical analyses suggest that the Gulf of Mexico and the Atlantic coasts may be the most vulnerable to SLR-related coastal change. The Pacific, Great Lakes, and oceanic islands may be less vulnerable than the Atlantic and Gulf of Mexico parks. The Gulf of Alaska coastal parks may be the least vulnerable to water-level-associated coastal change. All variables used in park assessments can be considered important factors for coastal change. Some variables make a more significant contribution to the index assessment than others. The rate of sea-or lake-level change, regional coastal slope, mean significant wave height, and geomorphology are of primary importance when conducting an assessment at a scale of thousands of kilometers. Variables such as historical shoreline change rate and tidal range are less significant for large-spatial-scale (e.g., thousands of kilometers) assessments but may play a more significant role in smaller-scale (e.g., tens of kilometers) assessments. Because these index assessments can be conducted on almost any scale and consider multiple variables that contribute to coastal change, they provide a first step to understanding coastal evolution and can aid long-term planning and decision making when properly used.
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